We present a new method for torque magnetometry by using a commercially available membranetype surface-stress sensor (MSS). This sensor has a silicon membrane supported by four beams in which piezoresistive paths are integrated. Although originally developed as a gas sensor, it can be used for torque measurement by modifying its on-chip aluminum interconnections. We demonstrate the magnetic-torque measurement of submillimeter-sized crystals at a low temperature and in strong magnetic fields. This MSS can observe de-Haas-van-Alphen oscillation, which confirms that it can be an alternative tool for self-sensitive microcantilevers.
Self-sensitive microcantilevers have proven to be useful tools in torque magnetometry 1, 2 . They change the electrical properties of an integrated circuit, such as piezoresistance and capacitance, depending on the cantilever displacement. Because of their high force-sensitivity, the sample mass can be greatly reduced from conventional magnetization measurement techniques. Nowadays, their application is not limited to the study of magnetic materials and extends to many fields of condensed matter research; for example, using microcantilevers for de-Haasvan-Alphen oscillation measurement is advantageous as they can be used at a low temperature and even in strong pulsed magnetic fields 3 ; their combination with rotated magnetic fields revealed a small susceptibility anisotropy induced by electron nematicity in strongly correlated materials 4, 5 . In addition, their application to magnetic resonance spectroscopy is also an interesting topic. In our previous studies, we have demonstrated torque-detected electron spin resonance (ESR) spectroscopy in the terahertz region [6] [7] [8] . However, the number of commercially available selfsensitive microcantilevers is so limited that their supply has been unstable. In particular, the situation became more serious after the production of PRC series microcantilevers (Hitachi High-Technologies Corp.), which once were the most popular commercially available piezoresistive microcantilevers, was stopped. Currently, the development of an alternative technique is an urgent issue. In this study, we present a new method for torque magnetometry by using a commercially available membrane-type surface-stress sensor (MSS), which was recently released by NANOSENSORS TM9-11 . Although it was originally developed as a gas sensor, the MSS can easily be diverted for use in torque magnetometry.
Figure 1(a) shows the commercially available MSS chip (SD-MSS-1K), whose dimensions are 5.5×2.0×0.3 mm 39 . The circular silicon membrane has a diameter and a thickness of 1 mm and 5.2 µm, respectively. It is supported by four beams that connect it with the outer frame. To detect the deformation of membrane, the piezoresistive paths P i (i =1-4) with resistance values of R i are fabricated on each beam by boron diffusion, and they form a Wheatstone bridge network on the chip. Typical values of R i are 5-12 kΩ at a room temperature, which decreases at 4.2 K by ∼ 20 %. The pairs of resistors facing across the membrane, (P 1 , P 3 ) and (P 2 , P 4 ), have the same shapes (see fig 1(b) ). Consequently, R 1 ≃ R 3 and R 2 ≃ R 4 , whereas R 1 = R 2 . Four electric pads are printed to connect the on-chip bridge circuit and external electronic devices. The chip is compatible with a commercially available flexible printed circuit (FPC)/flexible flat cable (FFC) connector with a 0.5-mm pitch (54550-0471, Molex, Inc.). We soldered an FPC/FFC connector on a pitch-conversion adapter and then placed it on an 8-pin dual in-line package integrated circuit socket. These accessories make handling easier and reduce the preparation time.
When the MSS is used as a gas sensor, the membrane is coated with a receptor layer to adsorb target molecules 12 . The adsorbate creates stress in the membrane surface, which results in isotropic circular deformation. The sensor output can be obtained by measuring the voltage difference between Pads 1 and 3, which can be written as follows:
where I is the bias current and ∆R i are the change in R i . The geometrical shapes of (P 1 , P 3 ) and (P 2 , P 4 ) were designed such that the piezoresistance shows a positive (negative) and a negative (positive) change, respectively, against compressive (tensile) stress. Therefore, the changes at all resistors effectively contribute to enhance the bridge output. However, on-chip bridge circuits are ineffective for precise magnetic-torque measurement under strong magnetic fields because of the magnetoresistive effect. In contrast to the resistance change owing to strain in the membrane surface, the change that occurs because of magnetoresistance shows the same sign in all the resistors. Therefore, it gives a finite contribution to the output voltage unless all the resistors are perfectly matched. To overcome this issue, we modified the on-chip aluminum interconnections as shown in fig. 1 (c). First, P 2 was disconnected from the bridge network by scraping the aluminum line. Then, Pads 2 and 3 were shorted. After this modification, the bias current flows only through P 1 and P 3 ; P 2 and P 4 thus become inactive. P 1 and P 3 are connected to the external resistors at room temperature to form a bridge network, as shown in fig. 2 
(b).
The modified bridge circuit is actually equivalent to the one that was used for the measurement using a piezoresistive microcantilever 3 , hence, it is possible to use the same experimental setup. The output voltage of the new configuration is given as follows:
where R ext is the resistance of the external resistors. The different signs of the terms associated with P 1 and P 3 in the numerator show that the magnetoresistive effect is canceled out. However, this modification is very effective for torque measurement. Figure 2 (a) shows the relation between the magnetic torque and the strain exerted on P 1 and P 3 . In contrast to the isotropic deformation induced by gas adsorption, the strains exerted on P 1 and P 3 are in an opposite direction to each other. When P 1 is pulled upward and subjected to compressive strain, P 3 is pulled downward and subjected to tensile strain and vice versa. As a result, R 1 and R 3 show changes in the opposite direction and enhance the bridge output.
To demonstrate the magnetic torque measurement using MSS, we chose κ-(BEDT-TTF) 2 Cu(NCS) 2 as the first sample; this compound is a layerd organic superconductor whose transition temperature (T c ) of 10.4 K 13 . The single-crystalline sample used in this study has a platelet shape with dimensions of ∼ 0.3 × 0.3 × 0.13 mm 3 . It was attached to the center of membrane using small amount of epoxy glue (Araldite R Rapid-AR-R30, Nichiban Co., Japan); the use of silicon grease in such cases is not recommended because its adhesive strength is not sufficient to hold the sample on the membrane at a low temperature. The sample was aligned such that the large flat surface was in contact with the membrane. In this case, the normal to the membrane corresponds to the stacking direction of layers. Then, the MSS chip was set on a vertically rotating stage for angle-dependent measurements. To maximize the strain, the rotation axis should be perpendicular to the direction connecting the active pair of piezoresistive beams. The bias current was set as I = 0.6 mA. The measurements were taken in 4 He superfluid to suppress temperature increase that occurs owing to Joule heating of resistive paths. Figure 3(a) shows the magnetic field dependence of the magnetic torque at T = 1.5 K. θ is the angle between the magnetic field and the direction normal to the membrane. The hysteresis between sweep-up and sweep-down traces is caused by vortex pinning, which is the characteristic of the mixed state of type-II superconductors. As the magnetic torque τ = M × H (M is the sample magnetization, and H is the magnetic field), the amplitude of the hysteresis grows when θ increases. The sign of ∆V changes across θ = 0 deg., which indicates the inversion of the stress direction. The traces at positive and negative θ values are nearly symmetrical; however, there is a small difference in the hysteresis amplitudes owing to the misalignment of the rotating stage. A spike-like feature was observed only in sweep-down measurement. This is considered to be related to a flux jump 15, 16 . It should be mentioned that the upper critical field for the fields perpendicular and parallel to the superconducting layers are estimated to be µ 0 H ⊥ c2 > 5 T and µ 0 H c2 > 50 T 13, 14 . The magnetic fields at which the hysteresis disappear correspond to the irreversibility field H irr . The magnetization process is not affected by vortex pinning above H irr because the thermally activated motion of the vortex lattice is dominant to the pinning potential. Figure 3(b) shows the expanded view of fig 3(a) around H irr . The negligible drift shows the excellent long-time stability of the MSS. This enabled us to determine H irr . Note that H irr shifts to larger magnetic field as θ increases. Such θ dependence is characteristic of two-dimensional superconductors. All observed behaviors were consistent with the previous magnetic torque measurements using a microcantilever 15, 16 . Next we performed dHvA oscillation measurement for the single crystal of the layerd oxide superconductor Sr 2 RuO 4 (T c = 1.5 K) to check whether MSS can be used under higher magnetic field without a decreasing in its sensitivity. Similar to the κ-(BEDT-TTF) 2 Cu(NCS) 2 sample, this sample has a platelet shape (∼ 0.35 × 0.35 × 0.14 mm 3 ) and the normal to its large surface is in the stacking direction of highly conductive layers. For this experiment, we used the same MSS chip used in the first experiment. Araldite glue can be removed by soaking in acetone for a few tens of minutes; thus, the same chip can be used repeatedly. Moreover, no degrading effect was observed during this removal process. Figure 4 (a) and 4(b) show the dHvA oscillation and oscillation frequencies of Sr 2 RuO 4 at different θ values. Clear oscillations were observed, and the difference in the shapes of the envelope originates from the warping of the Fermi surface. The beating effect from multiple extremal orbits on a warped Fermi surface was observed at θ = 13.6 deg.. In contrast, the amplitude monotonically increases at θ = −26.4 deg.; at this angle, this material behaves as if it was an ideal two-dimensional system 6 .
As Sr 2 RuO 4 has a two-dimentional cylindrical Fermi surface, the dHvA frequency follows the following equation: F (θ) = F (0)/ cos(θ). The fitting yielded F (0) = 3.00 kT. It has been reported that the Fermi surfaces are composed of three independent branches, namely α, β, and γ, which correspond to dHvA frequencies of 3.05, 12.8, and 18.5 kT, respectively 17, 18 . Therefore, the observed oscillations are concluded to originate from the α branch.
The above experimental results ensure that MSS can be used as an alternative tool to microcantilevers. We consider that a large membrane area is a distinct advantage of the MSS. In the case of microcantilever, the mounted sample should be as small as w 3 , where w is the width of the cantilever beam (for PRC-400, w = 50 µm) to avoid a mechanical damage. In addition, it has been reported that a large sample size causes some issue, e.g., signal distortion 3 . On the other hand, since the MSS can hold a larger sample, the signal-to-noise ratio can be enhanced by increasing the sample volume. The samples used in the above experiments are indeed much larger than any samples that we have ever used in measurements using microcantilever. Nevertheless, the required sample size is still in the submillimeter scale, which is sufficient for practical use.
For existing users of PRC-series cantilever, Joule heating is likely a concern at much lower temperature than 1.5 K. The resistance values of piezoresistive paths of MSS is about ten times larger than those of PRC-series cantilever (∼ 500 Ω). Therefore, the bias current should be 1/ √ 10 times as small as the value in the measurement using PRC cantilever. However, this does not mean the decrease of the signal-to-noise-ratio because the output signal is proportional to ∆R i I. For more quantitative comparison of the torque sensitivity of the two devices, we need the value of the torsional spring constant of MSS, which is unfortunately still unclear now. As for the point force at the center of the membrane, the spring constant is roughly estimated to be several to several tens of N/m 19 . Finally, we mention other applications of MSS magnetometry. One is the measurement under pulsed magnetic field 3 . The high eigenfrequency is required for the measurement that require fast response time. The MSS has an eigenfrequency of ∼ 35 kHz, which is almost the same as that of PRC-400, which has been used under pulsed magnetic fields. The application of MSS to torque-and force-detected ESR spectroscopy is also promising 8, 20, 21 . In force-detected ESR, the on-chip bridge circuit, which was modified herein for torque magnetometry, would still be effective because the influence of the magnetoresistive effect can be eliminated by combining with the light modulation technique.
In conclusion, we developed a new method for torque magnetometry using a commercially available MSS chip. By modifying the on-chip aluminum interconnections, we achieved a stable operation and high sensitivity at a low temperature and under high magnetic fields. In addition, it is possible to use the same experimental setup that we used in the measurement using a piezoresistive microcantilever. Therefore, the MSS can be an alternative tool to self-sensitive microcantilevers.
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